Objective-Rheumatoid arthritis (RA) is an inflammatory autoimmune disease characterized by severe joint erosion and systemic osteoporosis. Chronic T-cell activation is a hallmark of RA and agents that target the CD28 receptor on T-cells, needed for T-cell activation, are being increasingly employed as therapeutic agents in RA and other inflammatory diseases. Lymphocytes play complex roles in the regulation of the skeleton and although activated T-cells and B-cells secrete cytokines that promote skeletal decline, under physiological conditions lymphocytes also play key protective roles in the stabilization of skeletal mass. Consequently, disruption of T-cell costimulation may have unforeseen consequences on physiological bone turnover. In this study we investigate the impact of pharmacological CD28 T-cell costimulation blockade on physiological bone turnover and structure.
Conclusion-Inhibition of CD28 co-stimulation by CTLA4-Ig promotes T-cell Wnt10b production and bone formation and may represent a novel anabolic strategy for increasing bone mass in osteoporotic conditions. RA is a chronic inflammatory autoimmune disease that leads to bone loss around inflamed joints, as well as a generalized systemic osteoporosis (1) (2) (3) . Lymphocytes play central roles not only in the initiation and progression of the inflammatory state, but also in the bone loss associated with RA (4) (5) (6) (7) (8) . Lymphocytes drive bone turnover as a consequence of the immuno-skeletal interface, an enigmatic centralization of immune and skeletal functions around common cell types and cytokine effectors (9) . Immune cells including T-cells, Bcells, and antigen presenting cells (APC) are implicated in the regulation of basal (10) and/or pathological bone turnover (11) . Activated lymphocytes induce bone resorption by secreting Receptor activator of NF-κB ligand (RANKL), the key osteoclastogenic cytokine, and inflammatory factors including TNFα, a key driver of inflammatory cascades in RA. In addition, activated T cells produce Secreted osteoclastogenic factor of activated T-cells (SOFAT), a RANKL-independent osteoclastogenic cytokine, that may contribute to bone loss in RA (12, 13) and in periodontal infection (14) .
In contrast, under physiological conditions lymphocytes are protective of the skeleton, as both human (15) and rodent B-cells (9, 10) secrete the RANKL decoy receptor Osteoprotegerin (OPG). Because T-cell costimulatory interactions amplify B-cell OPG production (10, 15) disruptions to adaptive immune function can lead to RANKL/OPG imbalances permissive for osteoclastogenesis. Indeed, alterations to the immuno-skeletal interface causing a B-cell inversion in OPG and RANKL production may account, in part, for bone loss characteristic of HIV-infection (9, 16, 17) .
T-cells express several unique receptors/ligands necessary for immune regulation including the CD28 receptor, that binds to CD80/CD86 ligands expressed by APCs and mediates signals necessary for T-cell activation following binding of the T-cell receptor (TCR) to antigen bearing MHC complexes. Failure to activate CD28, or inhibition of CD28 signaling by CTLA4, a physiological modulator homologous to CD28 that competes for its ligands, leads to abortive T-cell activation and/or terminates immune responses resulting in T-cell anergy or deletion (18, 19) .
CTLA4-Ig (Abatacept), an anti-inflammatory pharmaceutical comprising the binding domain of human CTLA4 fused to human IgG1, is approved for treatment of refractory RA in adults (20) and for juvenile idiopathic arthritis in children (21) . (22) . Similarly, CTLA4-Ig ameliorates bone loss in mice treated with continuous infusion of PTH, a model of hyperparathyroidism (23) . Furthermore, CTLA4-Ig is reported to directly suppress osteoclast differentiation in the absence of T-cells in vitro and to inhibit inflammatory bone erosion in vivo in an animal model of RA (24) .
Our group has reported that CTLA4-Ig mitigates ovariectomy-induced bone loss by reducing T-cell activation and expression of TNFα by disrupting communication between T-cells and dendritic cells
Because CTLA4-Ig disrupts co-stimulatory interactions between B-cells and T-cells, it has the potential to not only lower immune activation responsible for driving inflammation, but also to disrupt basal bone turnover by disturbing the immuno-skeletal interface and B-cell OPG production. This effect has the potential to offset the gains in bone mass associated with reduced inflammation.
In this study we investigated the net effect of CTLA4-Ig on basal bone turnover and mass in mice by quantifying indices of bone structure and turnover. CTLA4-Ig led to significant bone accrual but surprisingly as a consequence of increased bone formation, as a likely consequence of T-cell expression of the bone anabolic ligand Wnt10b. Our data show for the first time that CTLA4-Ig leads to induction of bone formation and may have potential applications as a novel bone anabolic agent.
MATERIALS AND METHODS
All reagents were purchased from the Sigma-Aldrich Chemical Co. (St. Louis, MO), unless otherwise indicated.
Mice
All animal studies were approved by both the Atlanta VAMC and Emory University Animal Care and Use Committees and were conducted in accordance with the NIH Laboratory Guide for the Care and Use of Laboratory Animals.
Mice were housed under specific pathogen free conditions and were fed gamma-irradiated 5V02 mouse chow (Purina Mills, St. Louis, MO), and autoclaved water ad libitum. The animal facility was kept at 23 ± 1°C, with 50% relative humidity and a 12/12 light/dark cycle.
Young (6 weeks of age) female C57BL6 WT and OTI mice were from Jackson Labs (Bar Harbor, ME) and skeletally mature (5 month old) mice were from the National Institute on Aging (NIA) aged mouse colony at Charles River Laboratories (Wilmington, MA). WT mice were injected with 10 mg/Kg CTLA4-Ig (Orencia: Bristol-Myers Squibb) twice weekly intraperitoneally or with human IgG (Lampire Biological Laboratories, Pipersville, PA) for 3 or 6 months (26 weeks) as indicated. Skeletally mature mice comprised 8 Ig and 7 CTLA4-Ig mice/group while young mice treated for 3 months comprised 10 mice/group. Young mice treated for 6 months comprised 12 mice/group however, one extreme outlier in the CTLA4-Ig group with a final mean BV/TV of 0.12, falling 3 SD below the average and well below even the WT mean value of 2.07, was eliminated from the μCT and histomorphometry analysis. One bone used for histomorphometry was damaged during processing and had no quantifiable bone or cells.
Bone densitometry
BMD (g/cm 2 ) quantifications were performed in anesthetized mice by DEXA using a PIXImus 2 bone densitometer (GE Medical Systems). Total body DEXA was performed and region of interest boxes placed to quantify anatomical sites including lumbar spine, femur and tibia as previously described (25) . The left and right femurs and left and right tibias were averaged for each mouse and the mean used for group calculations.
Micro-Computed Tomography
μCT was performed in L3 vertebrae and femoral metaphysis ex vivo to assess trabecular bone microarchitecture using a μCT40 scanner (Scanco Medical AG, Bruettisellen, Switzerland) calibrated weekly with a factory-supplied phantom. A total of 405 tomographic slices were taken at the L3 vertebra (total area of 2.4 mm) and 100 tomographic slices at the distal femoral metaphysis and trabecular bone segmented from the cortical shell for a total area of 0.6 mm beginning approximately 0.5 mm from the distal growth plate. Projection images were reconstructed using the auto-contour function for trabecular bone. Cortical bone was quantified at the femoral mid-diaphysis from 100 tomographic slices. Representative vertebral samples based on mean BV/TV were reconstructed in 3D to generate visual representations. Indices and units were standardized per published guidelines (26) .
Quantitative Bone Histomorphometry
Bone histomorphometry was performed at the University of Alabama at Birmingham, Center for Metabolic Bone Disease-Histomorphometry and Molecular Analysis Core Laboratory on trichrome-stained plastic-embedded sections of calcein labeled femurs from Ig and CTLA4-Ig injected mice.
Biochemical indices of bone turnover
CTx, and osteocalcin were quantified in mice serum using RATlaps (CTx) and Rat-MID (osteocalcin) ELISAs (Immunodiagnostic Systems Inc. Fountain Hills AZ).
Wnt10b ELISA-Wnt10b protein was determined in 24 hr conditioned media from negatively immunomagnetically purified CD3 T-cells (Miltenyi Biotech. Auburn, CA) using a Wnt10b ELISA (USCN Life Science Inc., Wuhan, P.R. China).
Real-time RT-PCR-Total
RNA was extracted from whole nucleated bone marrow, flushed from long bones and dissolved in Trizol Reagent. Real-time RT-PCR was performed on an ABI Prism 7000 instrument (Applied Biosystems, Foster City, CA) as previously described (10) using commercial (Applied Biosystems) master mix and primer sets and probes for murine Wnt10b (Mm00442104), OPG (Mm 001205928), RANKL (Mm 00441906) and β-actin (Mm 00607939). Changes were calculated using the 2 −ΔΔCt method (27) with normalization to β-actin.
T cell activation assays
Plates were coated overnight with activating anti-mouse CD3e (5 ug/ml) and/or anti-mouse CD28 (25ug/ml) antibodies in sterile PBS (eBioscience, San Diego CA). Splenic T-cells were isolated using a CD3 Pan T cell isolation kit (Miltenyi Biotec.) and 12 replicate wells plated at 2 × 10 7 cells/well in 24 well plates in 750 μl of RPMI1640 + 5% FBS for 24 hours and then dissolved in Trizol for RNA isolation and real time RT-PCR for Wnt10b expression as described above.
APC Assays
APC assays were performed as described with modifications (28) . Briefly, immunomagnetically purified (Miltenyi Biotech.) splenic CD11c dendritic cells were used as APC and plated in triplicate at 150,000 cells/well in complete RPMI1640+10% FBS and incubated for 4 h at 37°C with 1 μM antigen (ovalbumin (Ova) peptide, (SIINFEKL) from Invivogen, San Diego, CA) followed by two washes in medium. CD8 + T-cells expressing a monoclonal Ova specific transgenic TCR were purified from spleens of OTI mice and 1 million T-cells incubated with Ova presenting APC ± CTLA4-Ig for 24 hr. T-cells and dendritic cells were dissolved in Trizol for RNA isolation and real time RT-PCR for Wnt10b expression as described above.
Statistical Analysis
Statistical significance was determined using GraphPad InStat version 3.0 for Windows (GraphPad Software Inc. La Jolla, CA). Gaussian distribution was assessed using the Kolmogorov and Smirnov test. Simple comparisons were made using 2-tailed Students t test or Mann-Whitney for non-parametric data. Group comparisons were made using one-way ANOVA with Tukey-Kramer Post Hoc test. P ≤ 0.05 was considered statistically significant. P=N.S (not significant).
RESULTS

Treatment of mice with CTLA4-Ig leads to an elevation in BMD, and enhanced trabecular and cortical bone volume
In order to investigate the net effect of the immunosuppressant agent CTLA4-Ig on physiological basal bone modeling we injected CTLA4-Ig or irrelevant isotype control Ig into young female (6-week-old) C57BL6 mice. BMD was examined after 12 and 26 weeks by bone densitometry using DEXA. Although CTLA4-Ig administration failed to cause any significant change in BMD compared to control immunoglobulin (Ig) control at 3 months ( Figure 1A ), by 6 months of treatment CTLA4-Ig injected mice displayed a significant increase in total body BMD and increases at specific anatomical sites including femur and tibia (left and right femur or tibia for each mouse independently averaged) and lumbar spine ( Figure 1B) .
To assess the effect of chronic CTLA4-Ig treatment on the remodeling skeletons of adult mice we further treated 5-month-old mice with CTLA4-Ig or control (Ig) for six months. As with young mice total body BMD was significantly elevated as was BMD at femur, lumbar spine and tibia ( Figure 1C ).
To provide independent evaluations of cortical and cancellous bone we employed μCT of lumbar vertebrae and femurs. Representative μCT reconstructions of vertebral trabecular bone are shown for young skeletally immature mice (6 weeks of age) treated for 3 months ( Figure 1A Quantitative microarchitectural indices of trabecular bone structure were further computed for young mice receiving 3 and 6 months of CTLA4-Ig treatment (Table I) and for mature mice receiving 6 months of treatment (Table II) . Vertebral trabecular bone volume fraction (BV/TV) was significantly increased in young mice receiving CTLA4-Ig for both 3 and 6 months consistent with a decline in trabecular separation (Tb. Sp.), reflecting the amount of bone free space. Trabecular thickness (Tb. Th.) and trabecular number (Tb. N.) were significantly increased in young mice by 6 months of treatment but fell just short of significance at 3 months, suggesting a slow accumulation of bone volume over time. As expected bone accretion in mature mice was slower than in younger animals and BV/TV fell just short of statistical significance although Tb. N. and Tb. Sp., were significantly different to Ig treated controls.
Femoral trabecular BV/TV was significantly increased at both 3 and 6 months of treatment in young animals although changes in Tb. Sp., Tb. Th., and Tb. N. did not achieve statistical significance. In both cases Tb. Th., showed the largest increases and just narrowly fell short of significance at 6 months of treatment. These data suggest that CTLA4-Ig may work predominantly by expanding the thickness of preexisting trabecular spicules rather than catalyzing de novo synthesis of new template. Consistent with the age of the mature mice (11 months), there was very little trabecular bone remaining in the femurs. Despite inconsistency in the structural indices a large mean increase in BV/TV was quantified with CTLA4-Ig treatment. However, due to high variability within the groups, no statistically significant changes were achieved.
Cortical bone was quantified in the mid-femoral diaphysis and revealed a significant increase in cortical thickness (Co. Th.) in young mice (Table I) Figure 1A ) revealed significant increases in BMD in mature animals the data suggest that small increases in cortical bone across large areas may account for the increases resolved by DEXA but not by μCT.
CTLA4-Ig enhances biochemical indices of bone formation but not indices of bone resorption in vivo
To assess the rates of bone resorption and bone formation in vivo bone turnover markers were quantified in the serum of CTLA4-Ig and Ig treated mice. Serum C-terminal telopeptide of collagen (CTx), a sensitive and specific index of bone resorption was not significantly changed between Ig and CTLA4-Ig treated groups in either young or mature mice and irrespective of time on treatment (CTx: Young mice 6 months (Ig: 24.7±5.7 vs. CTLA4-Ig; 23.8 ± 9.4) and mature mice 6 months (Ig: 13.2 ± 5.9 vs. CTLA4-Ig 14.2 ± 3.3). Mean ± SD, P=N.S.
Consistent with these data RT-PCR of total bone marrow revealed no significant alterations in expression of OPG and RANKL at 26 weeks (2 −ΔΔCT of OPG: Ig (1.00 ± 0.18) vs. CTLA4-Ig (0.87 ± 0.17), and 2 −ΔΔCT of RANKL: Ig (1.00 ± 0.04) vs. CTLA4-Ig (0.88 ± 0.05); mean ± SD, P=NS).
By contrast, serum osteocalcin, a biochemical marker of in vivo bone formation was dramatically increased in young mice treated with CTLA4-Ig for 3 months, 6 months and in mature mice treated for 6 months (Figure 2A) . These data suggest that bone accretion was a consequence of elevated bone formation.
CTLA4-Ig enhances indices of bone formation quantified by bone histomorphometry
As osteocalcin reflects global bone formation across all bone surfaces we further employed quantitative bone histomorphometry to access bone formation in young mice treated for 6 months with CTLA4-Ig at a tissue and cellular level. Three indices of bone formation mineralizing surface (MS), mineral apposition rate (MAR) and bone formation rate (BFR) normalized for TV (BFR/TV) were all significantly increased (Table III) . When MS and BFR were normalized for bone surface (BS) BFR fell just short of significance while BFR and MS normalized for BV were unchanged from control. The static indices, osteoblast surface (ObS)/BS and number of osteoblasts (N.Ob)/BS, showed a non-significant decline indicating that the long term effect of CTLA4-Ig was not to increase osteoblast number, but rather induce activation of pre-existing osteoblasts driving a wave of new bone formation. As a consequence, the number of osteoblasts and the area of bone covered by osteoblasts both appeared to decline as a result of the significantly increased bone surfaces. BFR/TV, which normalizes for total bone area is the index that correlates most closely with bone turnover markers such as osteocalcin (29) . Similarly, small non-significant declines in osteoclast number (N.Oc/BS) and surface (OcS/BS) were observed, and likely also reflect the relative increase in BS, rather than long term direct effect of CTLA4-Ig on osteoclast number. Cancellous structural indices including BV, BV/TV, Tb. N. and Tb. Sp. as computed by histomorphometry all showed robust changes supporting gain of bone mass as observed in the μCT data. Surprisingly, the percentage change in BV/TV of femoral bone determined by histomorphometry was more than twice that observed by μCT. In principle μCT is a more robust and reliable measure of bone volume and structure than histomorphometry as μ CT reflects a true 3D quantification of a relatively large segment of bone while histomorphometry is a 2D representation of a comparatively small number of slices. This diminished precision likely accounts for the apparent discrepancy.
Representative double calcein labels from which MAR and BFR indices were calculated are shown in Figure 2B and reveal enhanced bone formation in young CTLA4-Ig treated animals at 6 months of treatment. Representative photomicroscopy images of Goldner Trichrome stained femoral sections are shown in Figure 2C and show enhanced numbers of trabecular elements in the femoral metaphysis (yellow arrows) and increased bone thickness in the epiphyses above the growth plate (red arrows).
The anabolic Wnt ligand, Wnt10b is significantly elevated in total bone marrow and purified T-cells from CTLA4-Ig treated mice
T-cells have the capacity to secrete Wnt10b, a potent bone anabolic Wnt ligand (30) . As a possible explanation for the anabolic activity of CTLA4-Ig we quantified Wnt10b expression by CTLA4-Ig and Ig treated mice in the bone marrow using real time RT-PCR and in conditioned medium from purified CD3 + T-cells by ELISA ( Figure 3A ). Wnt10b expression was found to be significantly elevated in the bone marrow of CTLA4-Ig treated animals and protein production by purified CD3 + T-cells, suggesting involvement of Wnt10b by T-cells in the anabolic activity of CTLA4-Ig.
CD28 inhibits Wnt10b expression by activated T-cells in vitro, while CTLA4-Ig-supression of CD28 signaling amplifies Wnt10b expression induced by Antigen Presentation in vitro
To further explore the mechanism of T-cell Wnt10b production by CTLA4-Ig we purified Tcells and activated them in vitro using CD3e activating antibody in the presence or absence of activating CD28 antibody. Activation of CD3 led to a significant upregulation of Wnt10b expression at 24 hr ( Figure 3B ). Activation of CD28 alone had no significant effect on Wnt10b but potently inhibited Wnt10b expression induced by CD3. CTLA4-Ig may thus promote Wnt10b expression in T-cells by blocking the interaction of CD80/CD86 on APC with T-cell expressed CD28, a negative signal for Wnt10b expression. To test this hypothesis directly we performed an in vitro APC assay in which purified dendritic cells were used as APC to express Ova antigen to CD8 + T-cells expressing a monoclonal TCR with Ova-specific recognition. Presentation of Ova by APC to T cells led to induction of Wnt10b expression that was potently super-induced by addition of CTLA4-Ig to the culture ( Figure 3C ).
DISCUSSION
Our data demonstrate for the first time that pharmacological suppression of CD28 costimulation by CTLA4-Ig results in a bone anabolic signal, a likely consequence of T-cell Wnt10b secretion.
Although the capacity of the immune system to regulate bone resorption though perturbations of the immunoskeletal interface is well studied, little is known regarding the ability of the immune system to regulate bone formation. Activated T-cells have been previously reported to secrete cocktails of cytokines that cumulatively have the capacity to induce alkaline phosphatase activity in purified human bone marrow stromal cells and elevate expression of Runx2 and osteocalcin mRNA (31) . By contrast a number of cytokines involved in immune regulation such as IL-7 (32) or produced by immune cells including Tcells and macrophages, such as TNFα (33) , may act to uncouple bone formation from resorption under inflammatory conditions. Thus, by suppressing the natural compensatory increase in bone formation in response to increased bone resorption bone homeostasis is disrupted leading to bone loss (11, 32) .
Indeed, CTLA4-Ig has been reported to ameliorate short-term ovariectomy-induced bone loss by reducing T-cell activation and inflammatory cascades (22) and to directly suppress osteoclast differentiation in vitro and inflammatory bone erosion in vivo in an animal model of TNFα-induced arthritis (24) .
Understanding the molecular mechanism by which CTLA4-Ig stimulates Wnt10b production remains to be studied in detail. However, based on our data and published studies we propose a model whereby Wnt10b production is an unintended consequence of abortive T-cell activation due to disruption of the dual-signal mechanism of T-cell activation. It is now established that two signals are required for full T-cell activation. The first signal is generated when the TCR engages MHC class I or II bearing antigens on the surface of professional APC (B-cells, macrophages and dendritic cells). This first signal is insufficient for T-cell activation and on its own simply renders T-cells unresponsive to further antigenic stimuli (anergy) (18) . At the molecular level this signal involves activation of the cAMP second messenger system. The generation of cAMP leads to activation of protein kinase A (PKA) and cAMP response element (CRE) binding (CREB) protein, a transcription factor that transactivates genes involved in T-cell regulation and anergy. This costimulatory signal involves binding of the CD28 receptor on T-cells, with B7 molecules (B7-1 (CD80) and B7-2 (CD86)), expressed on professional APC (including B-cells, macrophages and dendritic cells). Activation of CD28 leads to induction of phosphodiesterase, an enzyme that cleaves cAMP, neutralizing its second messenger activity and eliminating the repressive first signal, thus preventing anergy and allowing full T-cell activation to proceed (34) . These two signals lead to full T-cell activation, cytokine production, clonal expansion, and prevention of anergy (18) . In the context of normal bona fidae immunological actions cAMP generation would be short lived as the "verification signal" transduced though CD28 would rapidly shut off this pathway, preventing release of Wnt10b. However, in the context of an impeded CD28 signal T-cell cAMP production would remain active leading to Wnt10b secretion and binding to Wnt receptors (LRP5 and 6) on osteoblasts leading to their activation and new bone formation. This model is presented diagrammatically in Figure 3D and is further supported by published gene array data demonstrating that Wnt10b expression is upregulated in anergic T-cells (38) .
Interestingly, our group has previously reported that the anabolic activity of intermittent parathyroid hormone (PTH) is mediated in part though T-cell production of Wnt10b (30, 35) , a Wnt ligand previously reported to be secreted by T-cells (36, 37) . Because PTH is a potent inducer of cAMP we hypothesize that Wnt10b expression may be directly promoted by activation of cAMP in T-cells bypassing normal TCR mediated interactions with APC (TCR and CD28 signaling) leading to a potent sustained production of Wnt10b.
An interesting conundrum that is explained by this hypothesis is the question of why the genetic deletion of T-cells leads to an increase in bone resorption (10, 39, 40 ) but fails to dramatically curtail bone formation (30) while CD28 inhibition alone, induces bone formation. We speculate that Wnt10b production is only elicited in contexts involving a significant impediment to CD28 signaling (such as exogenous application of CTLA4-Ig or intermittent administration of PTH). Consequently, under physiological conditions basal Tcell activation is relatively weak and hence little Wnt10b is secreted. Even in inflammatory conditions CD28 activation during true APC-mediated T-cell activation would quickly silence Wnt10b expression.
Our group has reported that CTLA4-Ig is protective of ovariectomy and continuous PTHinduced bone loss by blunting osteoclastic bone resorption driven by inflammatory cytokines such as RANKL and TNF secreted by T cells. Anabolic effects were not observed in these relatively short studies and in fact our current data suggest that the anabolic effect of CTLA4-Ig is gradual but progressive, thus achieving significant bone gains over an extended period of time. Although, early changes in resorption may also occur following CTLA4-Ig administration, our data suggest that the major net effect of chronic exposure, as used therapeutically in humans, is likely to be predominantly anabolic.
Consistent with high basal bone turnover in young mice rates of bone formation and bone accretion were robust in young mice treated with CTLA4-Ig. By contrast, bone accretion in skeletally mature mice was more modest and although we observed a strong trend towards bone gain, BV/TV in the vertebrae fell just short of statistical significance although some structural indices including Tb. N. and Tb. Sp were significantly changed. Femoral indices were not significantly increased, likely due to the rapid degradation of trabecular bone in the femurs of mice following peak BMD leaving a denuded template for osteoblasts to act on. Interestingly, although basal bone formation represented by serum osteocalcin was significantly diminished compared to younger mice, CTLA4-Ig did potently promote bone formation in these mice suggesting that an anabolic response was in fact underway and that a statistically significant response would be likely given additional time.
The capacity of CTLA4-Ig to promoted bone formation in humans remains to be demonstrated, however administration of CTLA4-Ig to treat inflammatory diseases such as RA, may have multiple beneficial effects including reduced inflammation and reduced osteoclastic bone resorption driven by inflammation (22) as well as due to direct inhibitory effects on osteoclasts (24) . The present study further suggests bone anabolic activities due to T-cell release of Wnt10b may further promote a beneficial balance between bone formation and resorption.
Contrary to inflammatory contexts our studies of basal bone turnover did not detect significant declines in CTx, an index of bone resorption, following chronic treatment with CTLA4-Ig. This was unexpected given that CTLA4-Ig is reported to mediate a direct antiosteoclastic activity in vitro (24) . A possible explanation is that early acute effects on osteoclasts are indeed observed early in the treatment but return to baseline over time.
In conclusion we show that CTLA4-Ig, a CD28 co-stimulation inhibitor, is a potent bone anabolic agent and promotes the production of Wnt10b by T-cells. While there are numerous antiresorptive drugs currently available the treatment of osteoporotic conditions, anabolic agents are few and far between. Currently, Teriparatide, a fragment of PTH administered intermittently is the only FDA approved modality for stimulating bone accretion. Abatacept may represent a novel anabolic agent that may be potentially repurposed to ameliorate osteoporosis by stimulating bone formation, either as a stand-alone agent or in combination with other anabolic or anti-catabolic agents. 
